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The F1Fo ATP-synthase is a key enzyme of the energetic metabolism
since it is responsible formost of the synthesis of ATP, the universal fuel
molecule of any cell. F-type ATP-synthases belong to the rotary ATPase
family that includes A-type and V-type ATPases.
The yeast ATP-synthase is embedded in the inner mitochondrial
membrane, where it uses the proton electrochemical gradient,
generated by the respiratory chain, to synthesize ATP from ADP and
Pi. This enzyme can be described by its mechanical parts with a rotor
composed of a ring of 10 subunits 9, and a central shaft consisting of
the γ, δ and ε subunits. Proton tranlocation across the proton channel,
composed of the 910-ring and subunit 6, induces the rotation of the
rotor. The rotation of the γ subunit within the three catalytic pairs
(αβ)3 leads to conformational changes on the catalytic sites and thus
to ATP synthesis. To prevent the (αβ)3 head from rotating with the
central shaft, a peripheral stalk (OSCP, h, 4, 8, f, d, f, i) connects the
catalytic head (αβ)3 to the membrane rotor part.
The most complete structure of the yeast enzyme corresponds to a
sub-complex that contains theα3β3γδε subunits associated with a ring
of ten subunits 9 [1]. The recent structures that have been elucidated
on this sub-complex [2,3] have been very informative on the catalytic
subunits, on the central shaft as well as on the 910-ring. They will be
described and compared to the same bovine sub-complex.
The yeast F1Fo ATP-synthase, like mammalian ATP-synthases [4,5], is
not only involved in ATP synthesis but also in the organization of mito-
chondrial cristae. This complex forms dimers that constitute the building
blocks of large ATP-synthase oligomers. Yeast strains devoid of subunits e
and g, two non-essential subunits involved in the ATP-synthase
dimerization display mitochondria with "onion-like structures".
A survey of studies on supramolecular species by cross-linking
experiments with various cysteine mutants, by electron microscopy
(EM) and cryo-EM, aswell as bymutant analyses of proteins involved in
the oligomerization of the enzyme will also be given. The ﬁrst cryo-EM
volume of a puriﬁed dimeric ATP-synthase will be shown.
Finally, a model of the tetrameric organization of the yeast ATP-
synthase resulting from the combination of all the datawill be presented.
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Themembrane-embedded rotor ring plays a central role in ion trans-
location ATP synthesis by proton- or sodium ionmotive force dependent
F1Fo-ATP synthases. While the ions are shuttled through the Fo com-
plex of the enzyme, torque is generated at the rotor and transferred
to the catalytic subunits for ATP synthesis. The rotor (c-)rings are
adapted to the cell's bioenergetic environment and have different
stoichiometries and ion binding types. The structures suggest that the
precise coordination network of the involved amino acids keeps the
ion in locked conformation during the passage along the lipid/c-ring
interface. A more hydrophilic environment at the rotor-stator inter-
face unlocks the binding-site conformation and promotes ion exchange
with the surrounding solution. Rotation thus occurs as c-subunits
stochastically alternate between these environments, directionally
biased by the electrochemical transmembrane gradient. In my talk I
am going to present several high-resolution structures of the different
conformational states of the c-ring's ion binding site and the
architecture of the bacterial Fo rotor-stator region. On this basis and
with support of molecular dynamics and biochemical data, a model
for the Fo operation mechanism is presented.
doi:10.1016/j.bbabio.2012.06.033
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F1-ATPase is an ATP-driven rotary molecular motor that synthe-
sizes ATP when forcibly rotated in reverse. To learn how the chemical
reactions of ATP hydrolysis and synthesis are coupled to rotation, we
imaged binding and release of ﬂuorescently labeled ADP and ATP
while rotating the F1 motor in either direction by magnets. The rate
constants of binding and release were determined for each of the
three catalytic sites for 360 of the rotary angle. The ratio gave the
association constant, Ka, for ADP and ATP, both of which changed
more than 104 fold across the rotary angles. The observed binding
changes explain how ATP is synthesized in the reverse rotation and
how spontaneous rotation takes place when ATP is hydrolyzed.
Phosphate modulates the afﬁnities in a way that augments the
efﬁciency of ATP synthesis. The association constant Ka is related to
the free energy difference ΔG0 between the nucleotide-bound and
empty states by ΔG0(θ)=-kBT·lnKa(θ) where θ is the rotary angle
(orientation of the rotor subunit γ) and kBT (=4.1 10-21 J) the average
thermal energy. ΔG0 for ADP and ATP each changes by ~10 kBT upon
rotation, whereas ~20kBT is required for ATP synthesis under cellular
conditions. The θ dependence of ΔG0(θ) is closely related to the
potential energy ψ(θ) for γ rotation: rotation of γ is driven or opposed
by ψ(θ) depending on whether ψ(θ) is downhill or uphill in the
rotation direction (torque on γ generated in F1 is given by the slope
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∂ψ(θ)/∂θ). We are now trying to estimate ψ(θ) for all combinations of
the bound nucleotides in the three catalytic sites, to fully describe the
energetics of mechano-chemical coupling in this molecular machine.
doi:10.1016/j.bbabio.2012.06.034
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The ε-subunit of the ATP-synthase is known as an endogenous
inhibitor of the hydrolysis activity of the complex and its α-helical
C-terminal domain undergoes drastic conformational changes
between a non-inhibited form (down-state) and an inhibited form
(up-state). Even though this C-terminal domain does not appear to be
essential for ATP synthesis activity, there are evidence of its
involvement in the coupling mechanism of the pump [1]. Recently,
it has been proposed that the coupling degree of the ATP-synthase
can vary as a function of ADP and Pi concentration [2-4]. In the
present work we explored the possible role of the C-terminal domain
in this ligand-dependent uncoupling, by examining a C-terminally
truncated e mutant of E.coli. We have developed a low copy number
expression vector carrying an extra copy of uncC with the aim of
promoting normal levels of assembly of the mutated ATP-synthase
complex. Both the wild-type and the ε88-stop truncated strains showed
well energized membranes. Noticeably, they showed a marked differ-
ence in their response to Pi: the Pi-induced inhibition of membrane-
bound ATPase activity appeared to be completely lost in the truncated
mutant, and the Pi-induced coupling increase was very reduced.
However, pre-incubation of the mutated enzyme with ADP at rather
low concentrations ([ADP]=100 nM) largely restored the Pi-induced
hydrolysis inhibition. Analogously, the increase in coupling degree
induced by Pi was resumed after incubation with extremely low
[ADP] (1 nM). This suggests that, contrary to wild-type, the truncated
mutant had lost its bound ADP, most likely during membrane
preparation, as a consequence of a lower afﬁnity for ADP. The whole
set of data is interpreted to indicate that, in the wild-type ATP-
synthase, one ADP-binding site at very high afﬁnity (Kdb1 nM)
mainly inﬂuences the coupling degree, and one ADP-binding site
at intermediate afﬁnity mainly inhibits the hydrolytic activity. The
ε-subunit C-terminal domain appears to increase the afﬁnity of these
two ADP binding sites, thus playing a major role in modulating both
the activity and coupling degree of the ATP-synthase.
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F1-ATPase (F1) is a rotary motor protein driven by ATP hydrolysis.
In our early work, we examined the competency of various nucle-
otides to drive the rotation of F1. While ATP, GTP, and ITP have been
shown to support the rotation, we have not found evidence of UTP-
driven rotation despite of the hydrolyzablity of UTP. In this study, we
again attempted to verify the incompetency of UTP to drive the
rotation by using very pure UTP that did not contain detectable ATP
(b0.0025 %). At various UTP concentrations, we observed the anti-
clockwise rotation of F1. From the Michaelis-Menten analysis, the rate
constant of UTP binding was determined as 104 M-1 s-1, which is
1,000 times smaller than that of ATP. Thus, the rotation is not
attributable to the possible ATP contamination, showing that UTP
drives the rotation of F1. We measured the rotary torque of UTP
rotation from the viscous coefﬁcient (G)and the angular velocity of
the rotation probe (w); N=Gw. The estimated torque was around 40
pNnm as same as the ATP-driven rotation. To conﬁrm this, we also
conduced a buffer exchange experiment from ATP to UTP to compare
the angular velocity of individual F1 molecules in the presence of ATP or
UTP. No obvious difference was not found. These results showed that
F1 efﬁciently convets the hydrolysis energy of UTP into mechanical
wok even though UTP is a very low afﬁnity substrate. The present
work suggests that the base moiety of nucleotides is dispensable for
the chemomechanical coupling of F1.
doi:10.1016/j.bbabio.2012.06.036
1P4
The crystallographic structure of subunit E from Pyrococcus
horikoshii OT3 A-ATP synthase reveals the ﬂexibility of the
peripheral stalk
A.M. Balakrishna, G. Grüber
School of Biological Sciences, Nanyang Technological University,
60 Nanyang Drive, Singapore 637551, Republic of Singapore
E-mail: GGrueber@ntu.edu.sg
A1AO ATP synthases are the major energy converters of archaea.
They are composed of an A1 region that synthesizes ATP and an
integral part AO that conducts ions. The peripheral stalks of A-ATP
synthases and V-ATPases have been proposed to provide transient
elastic energy during the rotary catalytic cycle, with subunit E
tethering the peripheral stalk to the A1-headpiece sector. We have
solved the crystal structure of the entire subunit E (PhE) of the
Pyrococcus horikoshii OT3 A-ATP synthase at 3.6 Å resolution. The
structure reveals an extended S-shaped N-terminal α-helix with
112.29 Å in length, followed by a globular head group. The S-shaped
feature, common in elastic connectors and spacers, would facilitate
the storage of transient elastic energy during rotary motion in the
enzyme. The structure has been superimposed into the asymmetric
peripheral stalks of the three-dimensional reconstruction of the
Pyrococcus furiosus enzyme, revealing that the S-shaped subunit PhE
ﬁts well into the bent peripheral stalk, whereas the previously solved
E subunit structure (3.1 Å resolution) of Thermus thermophilus A-ATP
synthase is well accommodated in the density of the straight stator
domain. The two peripheral stalks in A-ATP synthases appear to be in
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